Monitoring purposes determine the selection of variables, location of sampling sites, and sampling frequency. The selection should provide the best signal to noise ratio for the parameters of interest. For trend and surveillance monitoring, the deepest point of a lake, where different inputs to the lake are integrated, is frequently selected. However, the representativeness of a single site is often questioned, especially for large lakes. Based on data collected from 10 sampling points during 11 survey expeditions in August 2001-2011 to the large shallow Lake Võrtsjärv, Estonia, we studied the spatial and annual variability of environmental and phytoplankton variables and analysed the representativeness of a permanent sampling station for the whole lake conditions. The two southernmost stations under the influence of the main tributary deviated clearly from the homogeneous group of the other eight stations, which we termed 'Võrtsjärv Proper'. Among the stations of Võrtsjärv Proper, the year-to-year variability dominated strongly over the spatial variability, the latter being almost negligible for most of the variables. Surface water temperature and water level explained approximately half of the total variability in parameters commonly used in ecological status assessment of lakes. This has serious implications for using these variables to detect human impacts in Võrtsjärv. Our study showed that the deep sampling site, which was characterized by the lowest average variability of the parameters measured and was representative of more than 90% of the lake aquatory, possesses all necessary qualities required of a permanent surveillance monitoring station.
INTRODUCTION
Any environmental metric included in a monitoring programme of water bodies is subject to four general types of variation: spatial, temporal, their interaction (meaning that a particular temporal effect operates differently in some locations than others), and variation caused by sampling and measurement error (Ellis & Adriaenssens, 2006) . Any of these types of variation operates at different scales, for example temporal differences include diurnal and seasonal dynamics (both regular and stochastic), year-to-year differences, and multiannual cycles; spatial differences involve horizontal and vertical differences, differences between different parts within a water body, and differences between water bodies within a smaller or larger area.
Depending on the purpose of monitoring, the intrinsic variability of metrics can be successfully exploited in some cases as a signal to discover certain impacts on the system or relationships within the system, but in other cases it acts as a noise complicating the detection of the signal of interest. A typical case to exemplify this dilemma is the monitoring of water bodies with two different aims: detecting human impacts with the effect of natural variability minimized or climate change impacts for which anthropogenic changes represent confounding factors. In both cases the success of monitoring rests on the researcher's ability to select good specific indicators that are sensitive to the underlying conditions of interest but insensitive to other factors (Patil, 1991) .
Besides the selection of right indicators, wise and targeted selection of monitoring sites and timing of sampling are the next key issues to determine the efficiency of monitoring. Cavanagh et al. (1998) formulated the principles for site selection in environmental monitoring. For trend monitoring, the location of sites should be such as to provide an indication of change in the water quality within the basin as a whole. A good site for this purpose is the deepest point of the lake where different inputs to the lake are integrated. The same is valid for survey monitoring where the purpose is to establish the general overall condition of the water body. For impact assessment monitoring, on the contrary, sites should be established near the shore adjacent to the development whose impact is studied or at the mouths of tributaries and at the outlet if the impact of sub-catchments is addressed. In this case it is also recommended that one site should be located at the deepest point of the lake to monitor overall conditions. The number of monitoring sites needed per lake depends on various factors including the purpose of sampling, lake size, stratification, morphometry, flow regime, and tributaries (EPA, 1997) , which together determine the strongly lakespecific area for which a station can be considered representative. Long-term records from lakes often originate from a single mid-lake station (e.g. the series on phytoplankton from four lakes of the English Lake District (George et al., 2004) or on zooplankton from Lake Kinneret, the largest freshwater lake in Israel (Rachamim et al., 2010) ). Although there are potential problems associated with sampling only a single site (Reckhow & Chapra, 1983) , long-term data are increasingly sought for many purposes, such as evaluating responses to climate change, experimental manipulations, or management interventions. However, given the large uncertainty related to the representativeness of data from a single station, publishing single site data, especially if conclusions are drawn for the lake as a whole, is often met by strong reservation from reviewers.
The bulk of the nearly 50-year data on plankton and hydrochemistry from the large Lake Võrtsjärv, Estonia, has also been collected from the single permanent sampling station located at the deepest site of the lake. Experientially the narrow southernmost end of the lake has been described in several studies (Nõges et al., 2004; Laas et al., 2012) as a part clearly differing from the remaining homogeneous part of the lake (which we may call Võrtsjärv Proper), but until now there is no analytical proof for that. The long-term monitoring site located in the deepest area of the lake close to the Centre for Limnology has been considered generally representative of lake-wide conditions for a number of variables such as phytoplankton abundance and composition (Nõges et al., 2004) , bacterioplankton numbers (Tammert & Kisand, 2004) , and dissolved oxygen concentrations (Toming et al., 2009) ; however, also these statements are empirical.
The aims of the present paper are (i) to assess the dissimilarity between different sampling stations and delineate the more homogeneous lake proper and parts of the lake that significantly differ from it in hydrochemical, hydrooptical, and phytoplankton variables; (ii) to analyse the partitioning of variance between spatial (sampling stations) and temporal (years) components within the lake proper for different variables; (iii) to assess the role of temperature and water-level changes in the variability of the monitored parameters; and (iv) to evaluate the representativeness of the main monitoring station for characterizing Võrtsjärv Proper and to discuss the necessity of continuing the August whole-lake surveys.
MATERIAL AND METHODS

Site description
Võrtsjärv (catchment area 3104 km 2 , surface area 270 km 2 ) is a highly eutrophic lake located in the southern part of Estonia in a shallow depression of preglacial origin . The lake is ice covered on average 135 days a year, from the end of November to late April. Altogether 18 rivers and streams flow into the lake while the Emajõgi River is the only outflow (Fig. 1) . The water retention time is one year.
Due to its shallowness (mean depth 2.8 m, maximum depth 6 m), significant annual and inter-annual water-level fluctuations with concurrent changes in the surface area and volume by 89 km 2 and 0.83 km 3 , respectively, are characteristic for lake Võrtsjärv (Nõges et al., 2003; Järvet et al., 2004) . The mean difference between surface and bottom temperatures during the ice-free period is around 0.1 °C; short-term differences of up to 4 °C can develop only when calm weather lasts for several days (Laas et al., 2012) . Measurements of currents made in 1995 -1996 (Kivimaa et al., 1998 showed that strong currents caused by moderate wind velocities (2.9 m s -1 , maximum 13.2 m s -1 ) mix the water well also horizontally. Still, in the narrow southern end of the lake, the influence of dominating southerly and south-westerly winds is much weaker, and abundant macrophytes restrict water exchange with the other parts of the lake.
Changing water levels affect strongly all components of the lake ecosystem. The low-water periods along with wind action increase the resuspension of finegrained sediments (Raukas, 1995) and accelerate nutrient cycling, which in turn leads to massive growth of phytoplankton and macrophytes. The water contains much seston and the mean transparency of the lake is less than 0.8 m during summer. At the mean water level, 19% of the lake area is covered by macrophytes (Feldmann & Mäemets, 2004 ). An emergent and submerged plant zone surrounds the open water area of the lake, being widest in the southern and western parts of the lake protected from winds from the main directions (Feldmann & Nõges, 2007) . Cyanobacteria form up to 95% of the phytoplankton biomass during the ice-free period.
Discharge of total nitrogen (TN) and phosphorus (TP) to the lake has decreased since 1980 (Järvet, 2004; Pall et al., 2011) . Monitoring data show a clear increasing trend in permanganate oxygen demand in the lake whereas TN and TP concentrations have decreased since the 1980s, especially in summer and autumn, reaching annual mean values of 1.38 mg L -1 for TN and 47.8 µg L -1 for TP in the period 1994-2010.
Since 1992 monthly year-round state monitoring has been performed at the sampling station C. Lim. and in 2001 nine more stations around the lake (Table 1) to be monitored in August were added to the programme. 
Data
We used lake monitoring data on pelagic parameters such as water temperature, Secchi depth, hydrochemistry, and phytoplankton (chlorophyll a (Chl-a)) collected from 10 sampling points during 11 lake surveys in August (2001 August ( -2011 . Data on phytoplankton composition (Table 2) were collected during the last four surveys (2008) (2009) (2010) (2011) . Secchi disk depth (Secchi), water surface temperature (Temp), dissolved oxygen (DO) content, and pH were measured in situ, the rest of the chemical analyses were performed at Tartu laboratory of the Estonian Environmental Research Centre. Chlorophyll a and phytoplankton samples were analysed at the Centre for Limnology of the Estonian University of Life Sciences. Data on the lake's water level (WL) for the survey dates were obtained from the Estonian Meteorological and Hydrological Institute (EMHI). 
Statistical methods
Because frequency histograms of the metrics studied showed that the inorganic forms of nitrogen (NO 2 -N, NO 3 -N, and NH 4 -N) were strongly negatively skewed as many of the values were reaching the lower detection levels for these variables and even a log-transformation could not noticeably improve the spread of the data, we left them untransformed. Therefore, results concerning these variables should be taken with reservation. Among other variables, TP, PO 4 -P, HCO 3 , Secchi, total suspended solids (TSS), and biomass of cryptophytes (Bcry) were slightly negatively skewed, while specific conductivity (Cond) and number of species (Nsp) were slightly positively skewed. As all data were collected in August, the skewness of the variables was much less pronounced than commonly observed in seasonal data. Considering that transforming part of the data (e.g. by taking logarithms for right skewness or raising to a power > 1 for left skewness) would have disturbed the homogeneity of the data, these series, though slightly skewed, were not transformed prior to further analyses.
In order to make the variability ranges of all variables comparable, we calculated their variation coefficients (C var ) over the study period as the per cent ratios of their standard deviation to mean values.
Aiming at separating the more homogeneous 'Võrtsjärv Proper' from the deviating stations, we clustered the ten stations using the joining (tree clustering) method in STATISTICA 8.0 (StatSoft, Inc. 1984 -2007 with Euclidean distance as the distance measure and the Single Linkage amalgamation rule based on the 'nearest neighbour'. Separate clusterings were made for single years based on two groups of variables, one based on chemical and physical (for the years [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] and the other on phytoplankton variables (2008) (2009) (2010) (2011) . For the final result for the two groups, the distance matrices of variables were averaged over years.
Among the eight more homogeneous stations revealed by cluster analysis and defined as Võrtsjärv Proper, we ran the Variance Components analysis of STATISTICA 8.0 to study the role of spatial and interannual components of variability in the total variability of variables within this area. We used the factorial design with the Expected Mean Squares method and defined 'Year' and 'Station' as the random factors. For consistency of the 'Year' effect, we included in the analysis only the variables measured during all 11 surveys and skipped the shorter time series. We checked the randomness of the yearly measured values by calculating their autocorrelations with a 1-year lag. Among the 33 variables analysed, 4 were autocorrelated at most of the stations due to trends in their time series (negative trends for nitrates, sodium, and chloride and a positive trend for water colour). Due to autocorrelation, the temporal variability of these variables could be slightly underestimated, but for homogeneity reasons we preferred not to skip them from the analysis.
To have an insight into the impact of climate variability on the variables used in lake monitoring, we analysed the effect of water level and water temperature (as proxies for precipitation and thermal variability) on variables measured within Võrtsjärv Proper using Spearman correlation and multiple linear regression analyses.
Finally, to solve the question on the representativeness of the long-term sampling station (C. Lim.) for the whole lake in water chemistry and plankton studies, we ran Student's t-tests to discover significant differences between measurement results at that station and all the other stations.
RESULTS
Among the chemical and physical variables, the inorganic forms of nutrients (NO 2 -N, NO 3 -N, NH 4 -N, Si, and PO 4 -P), total iron (TFe), and TSS were relatively most variable with average C var values equal or exceeding 50% (Table 3) . Low variability was characteristic of pH, major cations, Temp, DO, and WL. General phytoplankton characteristics, such as Nsp, Chl-a, and total biomass (Btot) were less variable than the biomasses of single algal classes. The long-term permanent sampling site, C. Lim., located in the deepest part of the lake had the smallest average C var and the southernmost station Riiska the largest average C var among the stations.
The average C var for phytoplankton variables was twice as high as that for physical and chemical variables and decreased towards the central part of the lake (Fig. 2) . As a characteristic pattern, C var for phytoplankton variables was elevated at the stations affected by major inflows. No such effect was observed for the mean C var for physical and chemical variables, which was rather equal for all stations.
Two distinct clusters of stations were distinguished in Võrtsjärv both by physical/chemical and by phytoplankton variables (Fig. 3) . The two southernmost stations under the influence of the Väike Emajõgi River deviated clearly from the rather homogeneous group of the other eight stations, which we termed 'Võrtsjärv Proper'. If to draw a provisional boundary between these two clusters at the latitude of the mouth of the Rõngu River (see Fig. 1 ), Võrtsjärv Proper would occupy 98% of the lake area.
Among the stations of Võrtsjärv Proper, the year-to-year variability dominated strongly over the spatial variability, the latter being almost negligible for most of the variables (Fig. 4) . For variables such as Temp, carbonate alkalinity (HCO 3 -), total hardness (Hard), Cl -, NO 2 -N, water colour (Colour), and K + , the inter-annual variability accounted for more than 80% and for SO 4 2-and Si even for 90% of the total. The highest contributions of spatial variability reaching 14-15% of the total, were found for Ca 2+ , specific conductivity (Cond), DO, and biochemical oxygen demand (BOD 7 ). The variability explained by the combined effect of 'Year' and 'Station' (and including also the error term) ranged between 6% and 86% of the total variability among the eight stations.
The two major proxies for the climatic (natural) variability, Temp and WL, explained 1-74% of the total variability in the monitored variables (Table 4) . The natural variability affected most strongly variables commonly used in ecological status assessment of lakes, such as TSS, TP, Chl-a, Secchi, and TN. Table 2 .
Although the biomass of three phytoplankton groups, cyanobacteria, diatoms, and chrysophytes (Bcya, Bdia, and Bchr, respectively), correlated significantly both with Temp and WL, the multiple regression model relating these groups with the climate proxies remained non-significant. Confirming the results of cluster analysis, also Student's t-test showed that the mean values of most of the parameters monitored at the long-term permanent monitoring station C. Lim. differed significantly from those at the two southernmost stations, Riiska and Pähksaar (Fig. 5) .The area deviating from the main monitoring station extended also to Sula Kuru and Õhne stations only for Cond and DO. None of the mean values of the remaining 31 variables measured at C. Lim. differed significantly from those measured at any of the other seven stations of Võrtsjärv Proper.
DISCUSSION
In this section we will analyse the requirements that the specific features of Võrtsjärv pose to its monitoring programme and how the objectives, sampling design, and variable selection of this programme correspond to the principles of adaptive monitoring, a new paradigm for long-term research and monitoring introduced by Lindenmayer & Likens (2009) . According to these authors, successful and effective monitoring programmes should (i) address well-defined questions that are specified before the commencement of a monitoring programme, i.e. be driven by a human need, which assigns them a management relevance, (ii) be underpinned by rigorous statistical design, and (iii) be based on a conceptual model of how the components of an ecosystem that are targeted for monitoring might function. 
Research questions and management relevance Statistical design and representativeness of sampling stations
Beyond defining the monitoring objectives, the location of permanent sampling sites is the next most critical issue in the design of a monitoring programme. For trend and survey monitoring (which can be still defined as the main purpose of Võrtsjärv monitoring), a station located at the deepest point of the lake is expected to provide the most integrated picture of all changes least affected by local impacts from point sources (Cavanagh et al., 1998) . In many lakes the deepest point is located far from the shores, which complicates its accessibility, especially in rough weather. The location of the deep area of Võrtsjärv close to the eastern shore was a lucky coincidence, which enabled to satisfy the requirements of both representativeness and logistics and was one of the main arguments for selecting the position for the present Centre for Limnology in the 1950s (Timm, 1973) .
Our study showed that the deep sampling site C. Lim., characterized by the lowest average variability of the parameters measured and being representative for more than 90% of the lake aquatory, possesses indeed the necessary qualities required of a permanent surveillance monitoring station. Although the number of sampling stations has varied over years from one to ten, the station at the deepest area of the lake has been continuously included in the programme and has the most complete data series. The revealed homogeneity of Võrtsjärv Proper was so high that it may raise the question of redundancy of monitoring the other seven pelagic stations within the area. The highest spatial variability, reaching 14-15% of the total for Ca 2+ , Cond, DO, and BOD 7 , was still marginal compared to the year-to-year variability and could be attributed to the effect of the Sula Kuru and Õhne stations characterized by a higher submerged macrophyte cover.
Selection of variables
Lindenmayer & Likens (2009) list several factors that have compromised the credibility of long-term research and monitoring programmes. Besides the lack of focus and poor design, which undermine the statistical power to detect trends or reveal contrasts between impacted and unaffected sites, a crucial question is what to monitor. Measuring the wrong things sidetracks the monitoring programmes (Karr & Chu, 1997) .
The high variability of the common water quality parameters, such as TSS, TP, Chl-a, Secchi, and TN in Võrtsjärv and, especially, their strong dependence on climatic forcing, creates problems for their direct use in water quality and ecological status monitoring. Ecological status indicators should reflect the effect of the pressure to be assessed, but they must not be affected by natural variability factors (Hering et al., 2006) . One way to overcome the high natural variation of the parameters mentioned above is the statistical elimination of the climate depending component of the variability by de-trending the data series. De-trending of the common water quality parameters for the effect of WL in Võrtsjärv (Tuvikene et al., 2011) caused a more than ± 40% change of some seasonal mean values, showing the high importance of WL changes in shaping these variables. On the other hand, the impact of anthropogenic pressures depends also on climatic conditions and may be either amplified or dampened by the latter. Given the position expressed by the IPCC (2007) that most of the observed increase in global average temperatures since the mid-20th century is very likely due to the observed increase in anthropogenic greenhouse gas concentrations and the complex effect of temperature on most of the climatic and ecological processes, it becomes more and more complicated to distinguish between the intrinsic natural variability and the anthropogenic variability. This situation creates the necessity to develop more universal biological metrics for assessing global change impacts on ecosystems.
In our data, the variance of phytoplankton parameters was nearly twice as high as that of the chemical and physical parameters. As biological parameters often include larger methodological errors compared to chemical and physical parameters, it has been common to consider biological parameters too variable to monitor. Indeed, as Karr & Chu (1997) showed, some biological attributes, in particular abundance, density, and production, vary too much even at low levels of human influence, and only a few biological attributes provide reliable signals about biological conditions. In fact, the increase of variance of some biological indices itself can reflect anthropogenic stress owing to the fact that biological systems subjected to high human disturbance are less resilient to environmental change (Fore et al., 1994) . Although the plankton variables used in Võrtsjärv monitoring (except the number of species) belong to the criticized above biological attributes, their increased variability near the river mouths showed their high sensitivity to detect changes.
In the present paper we used only data from one month avoiding so the problems caused by seasonal variability of data, which is another serious cause of variation in the monitoring data. Standardization of the data by removing seasonality (e.g. by converting each measurement to a virtual 'seasonal average' value through predefined regression formulas) has shown to have several advantages if the data are used for ecological status assessment (Tuvikene et al., 2011) .
CONCLUSIONS
• One of the main aims of Võrtsjärv monitoring since its commencement has been providing data for the numerous research projects run in this model lake. This has caused higher complexity and higher sampling frequency than commonly required for surveillance monitoring. The maintenance of the integrity of the long time series is the main strength of the programme that has enabled a process-based approach in the ecological research, fulfils various requirements of the WFD, and has been increasingly valued in the climate change impact studies.
• Based on chemical, physical, and phytoplankton data from 10 monitoring stations, Võrtsjärv can be divided into two distinct parts: the narrow southernmost part under the influence of the main inflow, the Väike Emajõgi River, represented by two stations and forming only 2% of the lake's total area, and the homogeneous Võrtsjärv Proper represented by eight stations.
• Within Võrtsjärv Proper, the inter-annual variability markedly exceeded the spatial variability for most variables monitored. The highest spatial variability, reaching 14-15% of the total for Ca 2+ , Cond, DO, and BOD 7 , was still marginal and could be attributed to the effect of the larger submerged macrophyte cover at two of the southern stations of this otherwise homogeneous area.
• The location of the permanent sampling station at the deepest site in Võrtsjärv is excellent both by its statistical properties (smallest variability of measured parameters, good representativeness for the pelagic part of the lake, insensitivity to local factors or inflows) and logistics (close to the shore and laboratory facilities).
• The selection of variables monitored in Võrtsjärv is excellent for climate change impact research as many of them show strong relationships with changes in water level and temperature, which can be considered good proxies for precipitation and thermal variability for this lake. The strong dependence of TSS, Chl-a, TP, TN, and Secchi in Võrtsjärv on climatic variability strongly compromises their usefulness in detecting human influence. One way to overcome this problem is the de-trending of data for known variability factors, which has already been tested in Võrtsjärv with success. Still the search for new indicators sensitive to human influence but insensitive to extraneous factors should continue. 
